The Barr body has long been recognized as the cytological manifestation of the inactive X chromosome (Xi) in interphase nuclei. Despite being known for over 50 years, relatively few components of the Barr body have been identified. In this study, we have screened over 30 histone variants, modified histones and non-histone proteins for their association with or exclusion from the Barr body. We demonstrate that, similar to the histone variant macroH2A, heterochromatin protein-1 (HP1), histone H1 and the high mobility group protein HMG-I/Y are elevated at the territory of the Xi in interphase in human cell lines, but only when the Xi chromatin is heteropycnotic, implicating each as a component of the Barr body. Surprisingly, however, virtually all other candidate proteins involved in establishing heterochromatin and gene silencing are notably absent from the Barr body despite being localized generally elsewhere throughout the nucleus, indicating that the Barr body represents a discrete subnuclear compartment that is not freely accessible to most chromatin proteins. A similar dichotomous pattern of association or exclusion describes the spatial relationship of a number of specific histone methylation patterns in relation to the Barr body. Notably, though, several methylated forms of histone H3 that are deficient in Xi chromatin generally are present at a region near the macrosatellite repeat DXZ4, as are the chromatin proteins CTCF and SAP30, indicating a distinctive chromatin state in this region of the Xi. Taken together, our data imply that the Xi adopts a distinct chromatin configuration in interphase nuclei and are consistent with a mechanism by which HP1, through histone H3 lysine-9 methylation, recognizes and assists in maintaining heterochromatin and gene silencing at the human Xi.
INTRODUCTION
Early in mammalian development, X-inactivation transcriptionally silences all but one X chromosome per cell in order to equalize the levels of X-linked gene expression between the sexes (1). The Barr body has long been recognized as the cytological manifestation of the inactive X chromosome (Xi) in interphase nuclei (2) . However, what accounts for the formation of a Barr body is uncertain, as one is visible in only a subset of female cells (3) and as it is not a feature of the Xi in mouse cultured cells (4) . Since its discovery over 50 years ago (2) , the constituents of the Barr body remain largely unknown.
A critical component of the X-inactivation process is a large non-coding but functional RNA, the Xi-specific transcript (XIST), that is expressed from and associates in cis with the Xi as part of the Barr body (5, 6) . Other features of the Xi and of the Barr body include enrichment for the H2A variant macroH2A (7) (8) (9) and several general characteristics of constitutive heterochromatin such as DNA methylation (10, 11) and replication in late S-phase (12, 13) .
Notably, chromatin of the Xi is marked by a distinctive configuration of histone modifications. Certain amino acid residues within the tail regions of core histones have the potential of acquiring a range of covalent modifications, including acetylation, methylation and phosphorylation (14) . A specific combination of modifications confers a particular property to the local chromatin, referred to as the 'histone code' (15) . Histone tails of the Xi are hypoacetylated (16) (17) (18) (19) , and histone H3 is both hypomethylated at lysine-4 (20) and hypermethylated at lysine residues 9 (20,21) and 27 (22, 23) . How the histone code at the Xi determines or influences interactions with other chromatin proteins that are involved in X inactivation is largely unknown, but remains an important area of investigation for understanding how the facultative heterochromatin of the Xi is signaled, assembled and maintained.
In other systems, methylation of histone H3 at lysine-9 provides a target docking site for heterochromatin protein-1 (HP1) (24) (25) (26) . While it is tempting to posit that HP1 might also interact with the Xi by virtue of the same association with methylated H3 at lysine-9, such an association is not true of the mouse Xi (21) . While HP1 is associated with the human XYbody in male meiosis (27) , its possible association with the human Xi in female somatic cells has not been reported.
HP1 was originally identified as a protein concentrated at heterochromatic regions of polytene chromosomes in Drosophila (28) . It is widely believed, on the basis of studies of position effect variegation (29) , that HP1 functions to establish and/or maintain heterochromatin (30) . HP1 homologues have been identified in a wide range of organisms from yeast to mammals (31) . A role in heterochromatin maintenance is functionally conserved between organisms, demonstrated by transferring mammalian HP1 genes into lower organisms (32, 33) . In mammals (including humans), three HP1 homologues exist, HP1-alpha, HP1-beta and HP1-gamma (34) (35) (36) . As in Drosophila (28), human HP1 isoforms localize to centromeric heterochromatin (37, 38) . The targeting of HP1 to heterochromatin in mammalian cells is dependent upon the function of SUV39H1 (26) , a histone H3 lysine-9 methyltransferase (39) . It is thought that, perhaps through HP1, the mark of lysine-9 methylation is interpreted to promote and maintain higher-order heterochromatin formation (30) .
In the present study, we have explored the potential enrichment of HP1 at the Barr body and demonstrate the association of HP1 with the Xi in human cells. Furthermore, we have performed a candidate screen of other heterochromatin proteins and histone methylation patterns to examine their distribution in relation to the Barr body. These data suggest a model for the maintenance of X-inactivation via a distinctive network of epigenetic marks on chromatin of the Xi.
RESULTS

HP1 proteins associate with the human inactive X chromosome at interphase
As chromatin of the Xi is methylated at H3 lysine-9 (20,21), we examined the spatial distribution of the three HP1 isoforms in relation to the human Xi. To identify the Barr body, female nuclei were counterstained with antisera raised to histone H3 dimethylated at lysine-4 (H3DimK4), a feature that is underrepresented within Xi chromatin and clearly marks the Xi territory both at interphase and metaphase (20, 40) . Staining for each of the HP1 isoforms was elevated at the Barr body in interphase in several different human female cell lines (Fig. 1B and data not shown). Elevated levels of all three HP1s were restricted to one X chromosome in 46,XX cells and were never observed at the single X chromosome in 46,XY cells (Fig. 1B) , further supporting the specific association with the Barr body.
When staining 46,XX cells for HP1 protein distribution, it was apparent that chromatin of the Xi was not elevated for HP1 in all cells and that the frequency of elevated levels of the three HP1 proteins varied within and between cell lines. To quantify this, two representative 46,XX cell lines were stained and scored for the frequency of elevated levels of the different HP1 proteins at the Barr body. HP1-gamma was most frequently elevated at the Xi in both cell lines, while increased HP1-beta staining was observed at a lower frequency (Table 1) . Other than increased levels of antibody staining at the Barr body, the levels of the three HP1 proteins were similar to the observed general nuclear levels (Fig. 1) .
To investigate the possibility that the Barr body in different cells is elevated for different members of the HP1 family, cells were stained with combinations of the anti-HP1 antisera (data not shown). In the vast majority of cases, more than one HP1 protein was elevated at the same Xi, indicating that access to the Xi chromatin is not restricted to one HP1 type in different cells. Additionally, pooling all three primary antisera resulted in a non-additive HP1 frequency at the Xi (Table 1) . Thus, different members of the HP1 family are recruited to and cooccupy chromatin of the Xi, and, therefore, a level of functional redundancy between the HP1 isoforms is likely in chromatin of the Xi.
As with elevated levels of HP1 at the Xi, a detectable Barr body is not apparent in all female cells (3) . To relate HP1 staining to Barr body detection, we took two approaches. In the first approach, Barr bodies were first identified by DAPI staining, the identity of the Xi was confirmed using H3DimK4 distribution and then HP1 staining was scored (detecting all three isoforms). Elevated HP1 levels were frequently observed at the Barr body (45.5 AE 2.1% for a fibroblast cell line and 86.5 AE 3.5% for an epithelial cell line; n ¼ 200 cells). In a complementary approach, we first ascertained elevated HP1 levels at the Xi, the identity of the Xi was confirmed as above, and then the Barr body was scored by DAPI staining. In this instance, HP1 was nearly always coincident with a Barr body (>97% for both cell lines; n ¼ 200). Thus, while one can observe a Barr body without obviously increased HP1 staining, one does not see elevated HP1 levels except in the presence of a Barr body. Consistent with this observation, HP1 was not enriched at the Xi at metaphase (data not shown).
Histone H1 is a component of the Barr body
Within chromatin, linker DNA between adjacent nucleosomes is the site of association of histone H1 (41) . The presence of histone H1 has been implicated in promoting and stabilizing higher-order chromatin formation (42) . Consequently, histone H1, like HP1, is a good candidate for the maintenance of facultative heterochromatin of the Xi.
To evaluate this, we examined the spatial relationship of histone H1 with the Barr body. In addition to general nuclear staining, a region of histone H1 enrichment was observed in 46,XX cells coincident with the Barr body (identified by H3DimK4 distribution). In agreement with the Lyon hypothesis (1), we observed elevated levels of H1 at all but one X chromosome in a 49,XXXXX cell line ( Fig. 2A) . Elevated H1 levels in Xi chromatin was confirmed by examining the spatial relationship of histone H1 with that of the histone H2A variant macroH2A2. MacroH2A2 is enriched at chromatin of the Xi (7, 9) and at interphase appears as a densely staining body referred to as a macro-chromatin body (MCB) (8) . Figure 2B shows a clear overlap of the MCB with the region of increased H1 staining.
The relationship of H1 with the Xi and Barr body was determined as described above for HP1. More than half of the cells examined (59.3 AE 2.6% for an epithelial cell line and 64.5 AE 3.3% for a fibroblast cell line; n ¼ 400) had elevated levels of histone H1 at the Xi. When using the Barr body as a marker of the Xi and confirming its identity using the H3DimK4 distribution, the frequency of observed increased H1 staining at the Xi increased significantly (91.0 AE 1.4% in the epithelial cell line; n ¼ 100). Further, when using histone H1 as a marker of the Xi and confirming the identity with the H3DimK4 distribution, all cells had a distinct DAPI Barr body (n ¼ 100). Therefore, like HP1, histone H1 enrichment at the Xi is dependent upon the presence of a visible Barr body structure in the nucleus.
Levels of HMG-I/Y are elevated at the Barr body
The high mobility group (HMG) family consists of abundant non-histone proteins that are considered to impart localized structural properties to chromatin, hence their classification as 'architectural transcription factors' (43) . Of particular interest is HMG-I/Y that represents the HMG-I and HMG-Y proteins, the products of alternative splicing (44) . As with histone H1, HMG-I/Y preferentially binds to AT-rich sequences (for review see 45 and references therein), and consequently a degree of competition exists between the two proteins for chromatin association (46) (47) (48) . While histone H1 promotes the stability of higher-order chromatin formation (42), HMG-I/Y is thought to promote gene activation through the facilitation of an open chromatin configuration (49) . Therefore, we examined the spatial relationship of HMG-I/Y with the Barr body at interphase. Like histone H1, HMG-I/Y had a general nuclear distribution and was increased at the Barr body (Fig. 2C ) and at the macroH2A2 MCB (Fig. 2D ) in a proportion of cells. The frequency of increased staining at the Xi (19.3 AE 4.6% and 14.3 AE 3.0% for the two cell lines; n ¼ 400) was substantially lower than that seen with histone H1. In the presence of a DAPI-defined Barr body, however, the observed frequency of increased HMG-I/Y levels increased (31.0 AE 4.2% in the Relative levels of each HP1 protein at the inactive X chromosome was determined by counter-staining for H3DimK4 distribution and monitoring for the characteristic H3DimK4 pattern at the Xi. Elevated levels were inferred in reference to the general nuclear staining (Fig. 1 ). Standard deviations of at least two experiments are given (n ¼ 400). b Antisera to all three HP1 isoforms were pooled. epithelial cell line; n ¼ 100). As noted for HP1 and histone H1, increased levels of HMG-I/Y at the Xi correlated directly with the presence of a distinct DAPI Barr body (n ¼ 100). Despite the affinity of histone H1 and HMG-I/Y for the same target sequences, the two proteins can co-occupy the territory of the same Barr body (Fig. 2E ).
Most chromatin proteins are largely excluded from the Barr body
We next examined a series of candidate chromatin proteins whose demonstrated functions are consistent with a plausible association with the Barr body ( Table 2 ). Because of the association of histone hypoacetylation (16) (17) (18) (19) and DNA methylation (10, 11) with the Xi, we determined the distribution relative to the Barr body of proteins involved in histone deacetylation or DNA methylation and proteins involved in establishing and acting upon these modifications ( Table 2) . We also examined the CCCTC-binding factor (CTCF) (50), a transcriptional regulator protein that may be involved in the early stages of X-inactivation, at least in mouse (51) . In addition to establishing heterochromatin through DNA and histone covalent modification, DNA accessibility to nuclear proteins is also regulated by chromatin remodeling (52) . Therefore, we examined the localization of several ATPdependent chromatin-remodeling components (Table 2) . Intriguingly, with the exception of the nucleosome binding protein RCC1 that stained chromatin equally throughout the nucleus, all proteins examined were essentially excluded from the Barr body (Table 2) , leaving a visible 'hole' against a background of general nuclear staining (Fig. 3) . These observations were verified in several independent female cell lines, including a 49,XXXXX cell line that showed deficiency at four of five X-chromosomes (Fig. 3) . Also somewhat surprising was the absence of the DNA methyltransferase, DNMT3B, from the Xi (Fig. 3 and Table 2 ), despite its involvement in Xi methylation (53, 54) . This may reflect transient association of DNMT3B with the Xi, outside of the Barr body state. 
Chromatin of the Barr body is characterized by distinct patterns of histone methylation
As histone methylation is regarded as a permanent modification removed only by replication or histone displacement (55), such modifications are good candidates for an epigenetic mark of chromatin status (56) . Therefore, we next examined the methylation status of certain arginine and lysine residues in the amino terminal tails of histone H3 and H4 at the Xi.
Cells were stained with antisera raised to histone H3 methylated at arginine residue 2 (H3mR2), as well as H3 dimethylated at arginine residues 17 (H3DimR17) and 26 (H3DimR26), and at lysine residues 4 (H3DimK4), 9 (H3DimK9) and 36 (H3DimK36). For histone H4, we used antisera raised to H4 dimethylated at arginine 3 (H4DimR3). In each case, the pattern of antibody staining was compared to the four Barr bodies in a 49,XXXXX cell line to mark facultative heterochromatin of the Xi. As described previously (20) , the Barr body is underrepresented for H3DimK4 (Fig. 4A) . The Barr body was deficient for H3mR2, H3DimR17, H3DimR26 and H3DimK36, while levels of H4DimR3 were comparable to that of H3DimK9 (Fig. 4A) . These patterns of histone methylation in relation to the Barr body were confirmed in a 46,XX cell line stably expressing a Myc epitope-tagged macroH2A1, with the location of the Xi defined by the macroH2A1-myc MCB (40) (Fig. 4B) . For histone methylation that is deficient from the Xi, the MCB appears red due to the lack of overlapping distributions, while for those that are present at the Xi (H3DimK9 and H4DimR3), the MCB is yellow in appearance.
Unlike the elevated levels of HP1, histone H1 and HMG-I/Yat the Xi, which are detected only in the presence of a Barr body (see above), the histone methylation status at the Xi is retained in mitosis (20, 21, 40) . Thus, we next examined each of the novel methylation patterns described here with the Xi at metaphase. H3DimK36 was detected at metaphase and was deficient from the Xi (Fig. 4C) , consistent with the patterns seen in interphase ( Fig. 4A and B) . Surprisingly, in contrast to the lysine methylation patterns, most of the histone H3 arginine methylation patterns were not evident on any of the chromosomes at metaphase (data not shown); only H4DimR3 was detected on metaphase chromosomes (Fig. 4D) . Consistent with the general nuclear staining observed in interphase (Fig. 4A and B) , For each protein, 100 46,XX epithelial cell line Barr bodies were examined from three independent slides (n ¼ 300 nuclei total) and immunostained with antisera raised to each of the chromatin proteins listed. Percentage of nuclei showing the indicated levels of staining at the Barr body ('increased' or 'deficient') are given.
Proteins showing general Barr body staining undistinguishable from that of the rest of the nucleus are indicated as 'equivalent'. Standard deviations are given. Data are from this study, unless a reference is given in the Barr body column.
H4DimR3 levels in metaphase on the Xi were indistinguishable from those of the active X and autosomes (Fig. 4D) .
A region of contrasting histone methylation and chromatin protein association near the macrosatellite DXZ4 locus in the Barr body
Chromatin of the Xi is largely deficient for H3DimK4, with the exception of the pseudo-autosomal region and a locus on the long arm that have levels of H3DimK4 comparable to the active X and autosomes (20, 40) . The site of dimethylation on the long arm is readily detected at interphase as a dot within the domain of the Barr body and is also apparent on the Xi at metaphase (20, 40) . Mapping by FISH using a series of well ordered DNA probes from the long arm of the X chromosome demonstrated that this region of H3DimK4 was inseparable from the macrosatellite repeat DXZ4 locus (57) in both metaphase (40) and interphase (Fig. 5A ). Close examination of the Barr body-deficient histone methylation patterns described above established that H3DimR17 and H3DimK36 staining were also present at the same chromosomal region near DXZ4 (Fig. 5A) . Furthermore, several chromatin proteins that are largely excluded from the Barr body (Table 2) were routinely associated with the same locus at interphase, including CTCF and SAP30 (Fig. 5B) .
DISCUSSION
Heterochromatin protein-1 is a component of the Barr body
Once established, the heterochromatic state of the mammalian inactive X chromosome must be maintained to prevent reactivation of X-linked gene expression. XIST RNA is the only specific marker of the facultative heterochromatin of the Xi, while other features of the Xi are also characteristic of constitutive heterochromatin (10, 11, (16) (17) (18) (19) (20) (21) . Understanding proteins involved in ensuring cellular and chromosomal memory is critical for deciphering the mechanisms by which X-inactivation is clonally maintained. Recent progress in deciphering the many covalent modifications of histone tails within the nucleosome suggests a crucial role for co-operative histone deacetylation and subsequent methylation to provide an epigenetic mark for heterochromatin (58) . Experimental evidence from fission yeast implicates the HP1 homologue Swi6 both in maintaining the correct imprint (59) and in promoting the formation of higher-order heterochromatin formation through self association (60) .
By analogy with Swi6, the association of HP1 with the Barr body presented here (Fig. 1) provides a link between the histone code of the Xi and other chromatin proteins likely to play a critical role in the formation and maintenance of the Barr body. In addition, the lack of HP1 enrichment at the mouse Xi (21) may reflect the absence of a Barr body state in mouse cultured cells (4) . Thus, the behavior of HP1 with respect to the Xi may present a biologically significant difference between the human and mouse Xis.
HP1's association with the Barr body is likely mediated via H3 lysine-9 methylation at the Xi (20, 21) . Under this model, while H3 lysine-9 methylation provides the epigenetic mark of heterochromatin on the Xi, it is HP1 that interprets this signal and promotes higher-order heterochromatin formation at the Xi, analogous to Swi6 action (60) . We propose that cooperation among H3 lysine-9 deacetylation, methylation and HP1 association contribute to the formation and maintenance of facultative heterochromatin at the Xi.
Association of HP1 with Xi chromatin may account for the variability in the frequency of Barr bodies detected in different cell lines (3 and references therein). HP1 is known to physically associate with the nuclear envelope (61) , an interaction that is likely mediated by the lamin-B receptor (36, (61) (62) (63) (64) . Therefore, elevated HP1 levels at the Barr body may mediate the longrecognized physical link of Xi chromatin with the nuclear periphery. 
Levels of histone H1 and HMG-I/Y are elevated at the Xi in the presence of a Barr body
The detection of elevated levels of histone H1 at the Xi is consistent with a role for H1 in promoting higher-order chromatin conformation (42) . Although a higher density of nucleosomes has been reported for chromatin of the Xi (65), this is not evident in the cell lines used in this study (7) . While histone H1 binds to linker DNA and favors a condensed chromatin conformation (66), HMG-I/Y facilitates the formation of an open configuration (49) . Furthermore, both proteins preferentially bind to AT-rich sequences and therefore compete for the association with common DNA target sites (46) (47) (48) .
It is possible that the two proteins are acting antagonistically to exert their influence on Xi chromatin. The higher frequency of elevated histone H1 staining at the Xi compared to HMG-I/Y ($60-65% compared with $15-20%) would favor a heterochromatic state for the Xi. Why HMG-I/Y is occasionally elevated at the Xi chromatin may be related to the cell cycle, with particular relevance for replication of Xi DNA late in Sphase. Phosphorylation of histone H1 reduces its affinity for DNA (67) and occurs during late G1 into S-phase (68) by a cyclin-dependent kinase whose H1-kinase activity is itself regulated by cyclin phosphorylation (69) . HMG-I/Y is phosphorylated by the same cyclin-dependent kinase during the G2/M phase (70) , which in turn reduces its affinity for DNA (71) . Therefore as cells enter S-phase and proceed towards mitosis, it is tempting to speculate that H1 levels at the Xi decrease as HMG-I/Y levels increase, favoring a shift toward a more open configuration. This may provide suitable conditions for DNA replication, implicating histone H1 and HMG-I/Y as factors contributing to the late replication of the Xi.
Like HP1, increased levels of H1 and HMG-I/Y at the Xi are largely dependent on the presence of a Barr body. Similar levels of increased staining are seen with the histone H2A variants macroH2A1 and macroH2A2 (Table 2) , both of which form an MCB only in the presence of a visible DAPI Barr body (100%, n ¼ 200). MacroH2A1 enrichment at the Xi is also closely related to the cell cycle (40) , indicating that the appearance of the Barr body is likely to be intimately linked to the progression of the cell cycle, as long hypothesized (3). 
Most chromatin proteins are excluded from chromatin of the Barr body
To initiate a candidate screen for proteins potentially involved in establishing and maintaining facultative heterochromatin of the Xi, we relied on previously described biochemical features of the chromatin. For example, methylation of CpG islands on the Xi requires the involvement of a DNA-methyltransferase and is likely recognized and acted upon by methyl-DNA binding complexes to maintain gene silencing. Histone tail hypoacetylation (16) (17) (18) (19) indicates the involvement of histone deacetylase activity in order to remove acetyl-groups from newly synthesized chromatin (72) . Methylation at lysine-9 of histone H3 (20, 21) points to the involvement of histone methyltransferase activity. Indeed, the histone methyltransferase Enx1 is likely responsible for histone H3 lysine-9 and/or 27 methylation at the Xi (22, 23) .
As with covalent modification, chromatin remodeling alters accessibility to DNA (52) and may be involved in maintaining the Xi chromatin state. It was thus surprising that none of the chromatin remodeling complex components examined were enriched at the Barr body, rather all were clearly deficient from the Barr body ( Fig. 3 and Table 2 ), appearing as a hole in the nuclear distribution analogous to that described for the histone variant H2A-Bbd (73) . One possibility to account for the data could be the restricted association of these proteins with Xi chromatin during times of the cell cycle when the Barr body is not apparent. For example, co-operative histone deacetylation and subsequent methylation (60, 74) may only be required as nucleosomes are deposited in S-phase (72) . The striking exclusion of such a large group of chromatin proteins from the Barr body (Table 2) provides visual support for the model that the Xi is confined to a spatially and/or temporally restricted compartment within the nucleus, at least in cells in which the Barr body is apparent.
Nucleosomes of the Xi are differentially methylated
The potential connection between histone methylation and epigenetic memory (56) led us to examine the spatial relationship of several different histone methylation patterns with the chromatin of the Xi. With the exception of H3DimK9 and H4DimR3, chromatin of the Barr body is underrepresented in H3 methylated at arginine-2, -17 and -26 and at lysine-4 and -36 (Fig. 4) . The deficiency of H3DimR17, a modification linked to gene activation (75) , is consistent with the transcriptionally silent status of the Xi. Little is known about the biological significance of H3mR2, H3DimR26 and H3DimK36. Their apparent absence from the Barr body indicates that, like H3DimK4 and H3DimR17, these modifications are unlikely to be involved in the maintenance of facultative heterochromatin of the Xi. While H3DimK36 (Fig. 4C) and H3DimK4 (20, 40) remain absent from the Xi at metaphase, H3mR2, H3DimR17 and H3DimR26 were not detected on any chromosomes in mitosis. One explanation might be that the methylated residues are obscured as a result of protein binding or the adoption of an inaccessible chromatin conformation during mitosis. Alternatively, the methyl groups may have been removed prior to entry into mitosis.
The presence of H4DimR3 at chromatin of the Xi is intriguing. Methylation of histone H4 at arginine-3, catalyzed by the protein arginine methylatransferase-1 protein (PRMT1) (76) , is reported to be associated with gene activation (77) . While H4 methylated at arginine-3 is a better substrate for histone acetylation than unmethylated H4, methylation at arginine-3 of H4 is inhibited by acetylated H4 in vivo (77) . Given that the Xi chromatin is hypoacetylated (16) (17) (18) (19) , this provides an unacetylated template for PRMT1 activity. The additional presence of histone H3 methylated at lysine-9 (20, 21) likely prevents the subsequent acetylation and activation of Xi genes (78) .
An altered chromatin signature and protein composition around the DXZ4 locus Histone H3 methylated at lysine-4 marks euchromatin domains (79) and is under-represented at chromatin of the Xi (20) with the exception of a locus centered in the region of the macrosatellite repeat DXZ4 (40) . Several other methylated forms of histone H3 that are largely absent from the Xi chromatin (Fig. 4 ) are present at this locus (Fig. 5A) , as are the CTCF and SAP30 proteins (Fig. 5B) .
The Zn-finger transcription regulator CTCF functions as an insulator protein, binding to target DNA sequences and preventing the communication in cis of elements on either side of the site of binding (see 80 and references therein). Intriguingly, DXZ4 marks the distal edge of a major band of macroH2A association with Xi chromatin at metaphase (40) . It is tempting to postulate that CTCF is providing the boundary for this macroH2A band, constraining or protecting its position within domains of the Xi chromatin. While DXZ4 marks a major site of H3DimK4 on the Xi, other less intense bands of H3DimK4 are also present along the length of the Xi that are in close proximity to other major bands of macroH2A (40) . It is possible that these additional sites of H3DimK4 share the methylation and protein signature of the locus centered at DXZ4 (Fig. 5 ), but at levels undetectable by immunocytochemistry. To test such a supposition and to accurately delimit the primary H3DimK4 band near DXZ4 will require fine mapping the extent of the bands by chromatin immunoprecipitation experiments. It should be emphasized that, while DXZ4 appears to co-localize with this region of distinctive chromatin signature, at the resolution of metaphase chromosomes and even interphase chromatin, the loci actually involved in this chromatin state could still be some distance from DXZ4 itself.
Barr body chromatin
The composition of the Barr body has been a matter of some conjecture for over 50 years. As inferred from its intense staining with DNA dyes, the Barr body likely reflects the distinctive packaging of Xi DNA. In addition to the Barr bodyassociated proteins reported here, presumably several other factors also play a role in the maintenance of the Xi heterochromatin. One other component of the Xi has been detected with an autoimmune serum that immunostains the Barr body (81); however, the identity of this protein and whether it is distinct from macroH2A, histone H1 or HMG-I/Y has not been reported. More recently, a role for the tumor suppressor protein BRCA1 in maintaining heterochromatin of the Xi has also been reported (82) , potentially involving its associated chromatin remodeling activity (83) . Our own data indeed demonstrate that BRCA1 is associated with Xi chromatin, but only during discrete periods of the cell cycle (B. Chadwick and T. Lane, unpublished data).
The identification of several additional histone and nonhistone components of the Barr body provides an entry point for further biochemical or genetic characterization of the Barr body/Xi complex and its constituents. Combined with the exclusion of many non-histone chromatin proteins from the Barr body and the absence of certain histone variants and modifications from the Barr body (Table 2) , the data support the existence of a specific chromatin configuration that distinguishes the Xi from the active X and the autosomes in the same nucleus and that contributes to both its inactive state and its distinctive behavior during the cell cycle.
MATERIALS AND METHODS
Cell culture
Cell lines used include T-3352, a 46,XX human primary fibroblast strain (provided by Dr Stuart Schwartz, Case Western Reserve University); hTERT-RPE1, a telomerase-immortalized female cell line derived from the retinal pigment epithelial cell line RPE-340 (Clontech Laboratories Inc., No. C4000-1); hTERT-BJ1, a 46,XY telomerase-immortalized cell line derived from a human primary foreskin fibroblast cell line (Clontech Laboratories Inc., No. C4001-1), and GM6061B, a 49,XXXXX primary fibroblast cell line (National Institute of General Medical Sciences Cell Repository, Camden, NJ). Cells were maintained as described previously (7) . The macroH2A1-Myc stable expressing cell line was generated and described previously (40) .
Antibodies
Rabbit polyclonal antibodies against the non-histone tail region of macroH2A1 (7) and macroH2A2 (40) Immunofluorescence, metaphase chromosome preparation and FISH Immunofluorescence and fluorescence in situ hybridization (FISH) was carried out essentially as described (40) . Metaphase chromosomes were prepared as described previously (73) . A digoxygenin-labeled DXZ4 probe was obtained from Oncor Inc. A direct-labeled human X chromosome alpha satellite (DXZ1) probe was obtained from Vysis (Spectrum Orange). Direct immunofluorescence was achieved by directly labeling primary antisera using a Zenon One Texas-Red mouse IgG labeling kit (Molecular Probes, Z-25045), according to the manufacturer's instructions. Images were collected with a Vysis imaging system equipped with a cooled CCD camera (Photometrics) controlled via the Quips M-FISH TM software (Vysis).
